Abstract. The COSCAT system enables the detection of E-region auroral backscatter with the EISCAT remote receivers at magnetic aspect angles close to 90 . This is achieved by utilising a low-power transmitter stationed in Oulu, Finland. Many important observations of E-region irregularities have been achieved with this simple experiment. Recent studies have attempted to push the COSCAT system to its experimental limits. Firstly, the CW signal has been phase-modulated with 13-bit Barker codes with baud lengths of 40, 70 and 100 ls. Interpretation of the received power allows the spatial distribution of the auroral scatterers to be determined. The second advance is in the use of a sophisticated correlator program which allows data to be buered within the correlator at very high time resolution. This enables the coherent backscatter power to be sampled every 12.5 ms and the full auto-correlation function to be measured every 100 ms. These measurements allow the COSCAT system to be employed for the ®rst time in an investigation of the growth and decay of the auroral irregularities.
Introduction
The COherent SCATter experiment (COSCAT, McCrea et al., 1991) was developed to enable the observation of Eregion auroral plasma irregularities at small magnetic aspect angles with the European Incoherent SCATter facility (EISCAT; Rishbeth and Williams, 1985) . It comprises a low-power transmitter located in Oulu, Finland (64.97°N, 25.67 E, see Fig. 1 ). The transmitter operates at a frequency of 929.5 MHz and is connected to a dipole antenna array that forms a beam pointing at low elevations to the north. The illuminated volume is located on E-region altitudes between 72 and 74 latitude and 23 and 27 longitude. The EISCAT UHF receivers at SodankylaÈ , Finland, (67.37 N, 26.65 E) and Kiruna, Sweden, (67.86 N, 20 .44 E) are oriented to look into the same volume. Under appropriate conditions auroral plasma irregularities, most recently reviewed by Haldoupis (1989) and Sahr and Fejer (1996) , are generated. The irregularities are aligned with the geomagentic ®eld and scatter the transmitted signal from Oulu towards the EISCAT remote receivers. The ®rst observations comprised a passive use of the EISCAT system. These experiments determined the optimum observing geometry for the detection of coherent scatter, characterised the irregularity types (McCrea et al., 1991) , and allowed a comparison with irregularities measured at other wavelengths to be made (Eglitis et al., 1995) . Later developments included active experiments which studied the relationship of the irregularity characteristics to properties of the ionospheric plasma¯ow measured by incoherent scatter, (Eglitis et al., 1996) .
Recent operation of the COSCAT experiment has focussed on improving the technical capabilities of the experiment, thereby furthering the study of auroral plasma irregularities. There are two key areas in which this has been achieved; Barker coding of the transmitted signal to allow the determination of spatial structure in the scattering region and the operation of special correlator programs at the EISCAT receivers in order to improve the time resolution of the observations. nominal wavelength of 16 cm. The two remote EISCAT receivers at SodankylaÈ and Kiruna are oriented to look at low elevations approximately due north ( Fig. 1) , into a volume of the E-region illuminated by a transmitting antenna at Oulu. The system has been fully described by McCrea et al. (1991) and the hardware speci®cation is described by Thornhill and Chapman (1989) . In this con®guration the EISCAT remote receivers look almost perpendicular to the magnetic ®eld where the scatter cross-section of the plasma irregularities is greatest. The Troms( component of EISCAT is unable to look into this volume due to obscuration from local relief.
The scattering geometry has been discussed in detail by McCrea et al. (1991) . In summary, the scattering volume for a given EISCAT remote receiver is determined by the volume intersection of the Oulu transmitter beam, the beam of the EISCAT receiver and the positions where the radar wave vector is close to orthogonal to the magnetic ®eld direction. This eective scattering volume is approximately 800±1000 km north of the COSCAT transmitter in Oulu, between 72 and 74 geographic latitude. The volume is also constrained by the presence of irregularities. The Oulu transmitter beam has a 4 3dB point separation. The EISCAT receiver beam width is much narrower, having a 0.6 3dB point separation. If the irregularities are assumed to occupy a scattering layer 10 km thick, then the slant range extent of the EISCAT receiver beam that bisects the Oulu beam and contains irregularities is approximately 150 km. This gives an upper limit on the slant range over which the COSCAT experiment can observe scatter. The geometric and aspect angle arguments imply that this region is centred at a range of 900 km north of Oulu.
The two new techniques for obtaining improved spatial and temporal information are described below. The standard COSCAT experiment as previously employed by McCrea et al. (1991) is given the acronym COSC. The experiment employing Barker codes to discern spatial structure is labelled B-COSC and the high temporal resolution mode is called FAST-COSC. This terminology is intuitive and close to the original EISCAT experiment ®lenames: SP-UK-COSC, SP-UK-BCOS and SP-UK-FASTCOSC.
Spatial structure
A limitation of the experiment is that there is no timing information available to relate a signal transmitted from Oulu to that detected at either of the EISCAT remote receivers. Hence, it was not possible to determine the absolute range of the scattering irregularities in previous experiments other than by the geometrical considerations already discussed.
The transmitter can only be operated in a continuous wave (CW) mode. However, the transmitter design does allow the production of a CW 13-bit Barker coded phase modulation. The matched ®lters at the EISCAT receivers are capable of decoding this signal if it is detected. The detection of the Oulu signal is dependent on the presence of scattering targets in the EISCAT receiver and Oulu transmitter beam intersection. In this paper it will be demonstrated that information about the structure of the scattering region can be deduced from the correctly decoded signal. The Barker coding thus allows the determination of the spatial distribution and slant range extent of the scattering irregularities. This discrimination would be impossible with unmodulated CW transmission which has no absolute timing information.
The Barker code can be generated at a baud length between 20 and 100 ls (in steps of 10 ls). In experiments so far undertaken, baud lengths of 40, 70 and 100 ls have been employed. These baud lengths are listed in Table 1 together with the equivalent spatial length of the code.
Barker coded experiments have been conducted during two intervals in May 1994 and January 1995. Two dierent programs were adopted at the EISCAT remote sites:
A: No attempt was made to decode the phase modulation of the received signal. The matched ®lter at the receiver was bypassed. The received signal was Program B is an attempt to decode the signal received from a scattering target in the auroral ionosphere. Program A is the standard method for observing coherent scatter with the COSCAT system (e.g McCrea et al., 1991) and thereby detecting the presence of plasma irregularities. In some of the experiments, one of the EISCAT remote receivers would operate with program A in order to give an unambiguous indication of when plasma irregularities were present. Alternatively both receivers would operate program B. A summary of each Barker experiment is provided in Table 2 . The operational modes of each receiver are stated for every experimental run. The numbers MMM in the string B-COSCMMM indicate the Barker code baud length adopted in ls.
High time resolution
The temporal resolution of COSCAT measurements is limited to 1 s by the minimum dump time of the EISCAT receivers. However, Schlegel et al. (1990) adopted a special correlator program to make observations at sub-second resolution. The high temporal resolution is achieved by recording individual pulse returns in consecutive locations in the correlator memory and dumping the whole correlator memory every 5s. This program has been adapted for use with the COSCAT experiment, to make power measurements at 12.5-ms resolution and measurements of the full ACF every 100 ms. In addition, part of the correlator memory is still employed to record an ACF integrated to a 5-s resolution. The modi®ed code was successfully run at EISCAT during a campaign of experiments between 7 and 14 March 1997. The experiment will be referred to as FAST-COSC. Observations were typically made in the interval 21:00 through to 05:00 UT on each night, since this was found to give the best occurrence statistics for backscatter. A similar strategy as adopted for the Barker experiment was applied to the FAST-COSC measurements. Typically, one remote receiver would run the FAST-COSC experiment while the COSC mode would be run at the other receiver, measuring backscatter spectra at 5-s temporal resolution. Only relative backscatter power values could be measured due to the lack of calibration of the separated transmitter and receiver system, unlike the measurements performed by Schlegel et al. (1990) , which comprised absolute measurements of the backscatter cross-section with EI-SCAT. A summary of the experimental modes operated on the SodankylaÈ and Kiruna remote receivers is given in Table 3 .
Observations

Barker code results
A typical set of observations is illustrated in Fig. 2 . The top two panels depict output from the SodankylaÈ receiver from the B-COSC100 experiment undertaken on 24 May 1994. The top panel (Fig. 2a) contains a noisy series of powers, illustrating the data returned when there is no detection of plasma irregularities. During coherent scatter, a strong 13-bit periodicity is evident in the returned power (Fig. 2b ). These two panels have been constructed by averaging the 13-bit response function of the Barker code on a given receiver channel for 1 s and plotting the resulting series of 13 samples for each second consecutively. This procedure creates a`pseudo-time-series', in which each group of 13-points comprises data from a single integration period. The occurrence of coherent scatter was con®rmed by running the COSC experiment at Kiruna. Parts c and d of Fig. 2 illustrate the Doppler spectra When coherent backscatter was detected during the 100-ls observations, the Barker decoded signal exhibited many dierent 13-point periodicities. These varied from almost purely sinusoidal forms to multiple-peaked shapes. At dierent baud lengths systematic dierences in the observed 13-bit response function were discovered. In Fig. 3 results from observations at baud lengths of 40, 70 and 100 ls from campaigns run in 1994 and 1995 are presented. Each panel depicts a time-series of 5-s averages of the 13-bit response function of the Barker code, sampled at SodankylaÈ . At 100 ls (bottom panel) the 13-bit pattern exhibits clear reproducible structure and a large dynamic range, i.e. the minimum power for each consecutive 13-points is at the noise level of the radar returns and this minimum is independent of the maximum power observed in each 13-point series. In contrast, at the shortest baud length (40 ls top panel) an increase in power is observed for all 13-points when coherent scatter ®rst commences at around 03:36:45 UT. Structure is evident in the response function, but it is in no way as distinct as that for the longest baud length observations. For an intermediate baud length of 70 ls the response function is essentially¯at and discrete steps in power between successive 13-point samples are observed.
For each of the data sets presented in Fig. 3 the occurrence of coherent scatter was con®rmed by COSC observations from Kiruna. The observed spectra and ACF also exhibit features pertaining to the transmission of the Barker code. Examples of the ACFs and spectra for observation at each baud length are presented in Fig. 4 . The eect of the Barker code upon the ACF appears as a contamination at lags corresponding to multiples of the Barker code length. For each COSC experiment the ACFs were calculated from samples measured at a spacing of 20 ls. A 13-bit Barker code with 40-ls baud length has a total code length of 520 ls, which corresponds to the 26th lag of the ACF. The ACF in the top panel, Fig. 4a , was measured at Kiruna during a 40-ls experiment. There is clear contamination in lags 26, 27 and 28 and also near lag 52. The contamination is also evident in the backscatter spectrum (Fig. 4b) as ringing. At long baud lengths (100 ls) the ringing is not resolved and the contamination appears as a skirt on the spectrum, Fig. 4d . For the intermediate baud length, e.g. Fig. 4c, 70 ls, the contamination does not occur and a typical type-1, (Bowles et al., 1960) irregularity spectrum is measured. . Just before 22:09 UT, an apparent reversal is seen in the direction of the phase velocity, whereafter the phase speed is between A200 and A250 m s À1 . At 22:10:30 UT a sudden increase in power occurs followed, at ®rst by a fast decrease and then a much more gradual decrease. The duration of this increase in power comprises a signi®cant scattering event. . From top to bottom the panels illustrate: the COSC determined irregularity phase speed measured at the Kiruna receiver, the COSC measured backscattered power, the 12.5-ms resolution slicer pro®le measured by the FAST-COSC experiment at SodankylaÈ , the same time-series ®ltered to remove high-frequency components and a 100-point sample of data from within the scattering event, commencing at approximately 22:09:20 UT The third panel of Fig. 5 illustrates the high-timeresolution power time-series measured at the SodankylaÈ receiver. Here a similar scattering event is observed. There is a sudden increase in power at just before 22:09 UT. The power remains increased for 40 s until it falls, in about 10 s, back to the noise level. The duration and time evolution of the events as observed by the Kiruna and SodankylaÈ receivers are the same, but the occurrence time is 60 s earlier at SodankylaÈ . The signal detected at SodankylaÈ is very noisy, exhibiting largē uctuations between high signal power and noise. In panel four the signal has been ®ltered to remove the high-frequency components better to illustrate the time evolution of the observed power. There does appear to be a sudden impulsive increase in power which remains sustained for a short period until it decreases back to the noise level. A 1.25-s sample of the FAST-COSC data is presented in the bottom panel. The data sample commences at approximately 22:09:20 UT. Here there may be evidence of individual scatterers (e.g. commencing at point 68 and point 73 on the x-axis) that grow in periods equal to or less than the sampling time (12.5 m s) and decay back to the noise in about 30 ms, giving approximately 40-ms lifetimes in all. This lifetime estimate is derived from just considering the large and sustained observations of power. There are large individual spikes in the time-series, which may indicate lifetimes of the order 20 ms and other intervals of slightly increased power giving estimates up to 60 ms. A more detailed analysis of such data sets is the subject of future work.
The real parts of the ACFs observed at SodankylaÈ during this interval are illustrated in Fig. 6 . Both 5-sintegration ACFs (top row) and 100-ms ACFs (second row) are illustrated. In the third and fourth rows of Fig.  6 the phase angle at each lag of the ACF is plotted for the 5-s and 100-ms observation, respectively. The gradient of the phase angle variation with lag is proportional to the phase velocity of the observed irregularity. The analysis of the ACF suggests that there is little dierence between the ACFs at each time resolution; both exhibit similar decorrelation times and give the same phase velocity. The 100-ms ACFs are noisier than the 5-s ACFs as would be expected from the dierence in integration time. However, it is interesting to note that individual 100-ms ACFs are often as well de®ned as their 5-s-resolution counterparts, e.g. the middle example of a 100-ms ACF in Fig. 6 .
The lag separation in the ACF is 20 ls, the ACFs decorrelate almost fully at the 50th lag, this gives an approximate decorrelation time of 50 Â 20 ls = 1 ms. This is much smaller than the lifetime of the individual scattering events (40 ms) observed in the FAST-COSC time-series.
The scattering event presented in Fig. 5 is the only instant when backscatter was evident in the FAST-COSC data at the 12.5-ms resolution. However, auroral scatter was observed over many more intervals by the COSC part of the experiment. Post-integration of FAST-COSC data for these times, also revealed the presence of auroral scatter. A sample of post-integrated data is presented in Fig. 7 taken from an experiment run during the morning of 13 March 1997. The top panel contains the backscatter power observed at SodankylaÈ where the COSC mode was operated. The bottom panel contains the post-integrated FAST-COSC data for the same interval, at a resolution of 5 s. Comparing the top and bottom panel it is evident that both the Kiruna and SodankylaÈ receiver are detecting the same approximate variation in backscatter power, although the signal to noise ratio is smaller at Kiruna, and the¯uctuations are observed at the same time at both receivers.
Discussion
Barker experiment
The 13-bit response function is the cross-correlation of the transmitted signal with the distribution of scattering targets in the radar beam. A simple algorithm was coded, with the Matlab programming language, to calculate this response for a given set of irregularity distributions and baud lengths.
An instructive set of simulation results is depicted in Fig. 8 . The column of left-hand panels illustrates various modelled distributions of scattering irregularities with respect to slant range. Superposed on these is a sketch of a single transmitted code, the spatial coverage of which is drawn to the same scale. The right-hand panels give the simulated decoded signal that the scattering layer would produce at the EISCAT remote site, with ten repetitions of the Barker code response function. In the simulation the code baud length was kept ®xed at 100 ls and the slant range extent of the scattering irregularities was varied. This is equivalent to keeping the range extent of the scatterers constant and varying the baud length.
In Fig. 8a the code length is greater than the scattering region which comprises a Gaussian pro®le. The modelled received power exhibits the same distribution of power in each 13-point dump. If some structure is introduced to the Gaussian pro®le, e.g. Fig. 8b , the same structure arises in the Barker response function. Thus, when the code length is greater than the scattering region the response function is equivalent to the power pro®le of the scattering region. Increasing the pro®le extent to a value greater than the code length produces the result illustrated in Fig. 8c ; the shape of the response function is more complicated and the dynamic range of the received signal is much smaller. If the code length is equal to twice the range extent of the scattering region, no structure is observed in the returned power (Fig. 8d) .
The transmitted signal is a CW sequence of Barker codes. As the signal propagates, backscatter from points separated in slant range by half the spatial extent of the Barker code will reinforce. Let v 1a2 represent this distance. If the scatterers occupy a region of space less than v 1a2 in extent, only power from one repetition of the code will ever be returned. As the continuous sequence of codes moves through the scattering layer, the spatial structure of the narrow scattering region will be repeatedly mapped out. The simulation results presented in Fig. 8a and b and the observation described in Fig. 3c are consistent with the condition v 1a2 b slant range extent of the scatterers.
If the slant range extent of the scattering region is equal to an integer multiple of v 1a2 then all the bauds from a complete Barker code are always scattered back to the receiver, and the decoded signal power from a uniform layer would be constant as illustrated in Fig 8d. If the irregularities occupy a slant range length greater than v 1a2 then more than one Barker code is scattered back simultaneously, e.g. Fig. 8c .
The results of the model explain the diering observations at each baud length as illustrated in Fig. 3 . The curious observation at 70 ls (Fig. 3b) simply arises since the slant range extent of irregularities is approximately equal to (or a multiple of) v 1a2 . The response is essentially¯at for each 13-point dump (i.e. very small dynamic range). There are evidently changes in the mean irregularity cross-section between successive 13-point dumps, which accounts for the steps in power between each integration period. The baud lengths of 100 and 40 ls give code lengths longer and shorter than the scattering region slant range extent, respectively.
As described in Sec. 2, the slant range extent of the EISCAT beam that bisects the Oulu beam and can contain irregularities is approximately 150 km. This length is close to the v 1a2 condition for the 70-ls code. Therefore, it is the experimental geometry that forces the matching of code length to irregularity range extent and this implies that the entire EISCAT beam is full of scattering irregularities.
An interesting example was observed in an experiment run on the 29 January 1995 at 70 ls depicted in the top panel of Fig. 9 . Throughout the interval presented in the ®gure, coherent scatter was observed at the Kiruna receiver, where the COSC program was in operation. Examples of three observed spectra are pictured in the second panel. No 13-point periodicities were observed in the SodankylaÈ measurements except during decreases in received power. This indicates a contraction in the extent of the scattering region, such that it no longer satis®ed the condition where the range extent was equal to a multiple of v 1a2 . Under these conditions a decrease in received power would be detected along with the appearance of a 13-point periodicity. This is correlated with the spectral variations observed at Kiruna. At 04:40:10 UT and 04:48:20 UT when there was no periodic structure observed in the B-COSC power, the spectra at Kiruna are narrow and well de®ned. At 04:44:20 UT, when there is a minimum in the received B-COSC power, the Kiruna receiver also detects less backscatter power and the spectra are contaminated by the Barker code modulation. The contamination of the COSC spectra can be explained as follows. If all the bauds in the transmitted signal are received equally at any given time, then sampling the return signal (with no matched ®lter) will not detect the 13-bit Barker modulation. When the distribution of scattering targets does not match the code length, then the contributions from each baud to each sample will vary with time and the 13-bit periodicity will be identi®ed.
FAST-COSC experiment
The FAST-COSC results share many similarities with previous high-resolution and CW observations. The observed ACFs at 5 s and 100 ms have similar shapes in agreement with the observations of Schlegel et al. (1990) , who employed EISCAT alone to detect coherent scatter and were limited to observations between 4 and 6 from magnetic orthogonality although they had a 2-MW transmitter at their disposal. This is in contrast to the FAST-COSC observations near magnetic orthogonality but with only a 300-W transmitter power.
Analysis of the FAST-COSC 12.5-ms time-series suggests there are individual scatterers with lifetimes of the order of 20±60 ms. Hall et al. (1993) conducted a detailed set of CW experiments at 50 MHz, explicitly measuring the lifetimes of auroral scatterers. They found evidence for the presence of strong single scatterers with mean lifetimes of the order of 50 ms. In addition, highresolution data from the 50-MHz SESCAT radar (Haldoupis and Schlegel 1993) , exhibit lifetimes below 100 ms for E-region irregularities observed at midlatitudes (Schlegel, private communication) . Although the FAST-COSC results are based upon only a few observations, the preliminary results suggest that the lifetime of the irregularities at 16-cm wavelength is of the same order as the Hall et al. (1993) results for a wavelength of 3 m. The typical decorrelation time of a COSCAT ACF is about 1 ms. This is much smaller than any of the estimated lifetimes from the FAST-COSC time-series. This discrepancy between time-scales implies that relative to the correlation time of velocity¯uctu-ations in the ionospheric plasma, the irregularities comprise stable scattering targets. The ACF decorrelates due to the turbulent plasma¯ow and not the lifetime of the irregularity. We present this as the most likely reason for the dierence between the ACF decay time and the FAST-COSC lifetimes. However, other causes for the decorrelation, such as interference between dierent scatterers, cannot be discounted.
The simultaneous use of the FAST-COSC mode on one of the EISCAT remote receivers and the COSC mode on the other enables us to study the backscattering irregularities in two dierent ways. The volume illuminated by the Oulu transmitter is much greater than the beamwidths of the EISCAT remote receivers, which only intersect in a small portion of the illuminated volume, as indicated by Fig. 1 . Thus it would seem logical that a small and isolated auroral target might not be seen simultaneously at the two remote sites, as such a feature is statistically unlikely to pass through the intersection region. However, backscatter would be seen simultaneously at the two sites if the scatterers, instead of being a small discrete target, ®lled a large part of the illuminated volume. Both of the cases described above can be seen in the data presented here. In Fig. 7 , the occurrence of coherent scatter correlates well between the remote sites and there is fair agreement between the observed temporal behaviours, suggesting that a large part of the illuminated region is ®lled with irregularities. However, the result illustrated by Fig. 5 is consistent with a small region of strong scatter moving through the illuminated region from east to west, ®rst passing through the SodankylaÈ beam and then through the Fig. 9 . An interesting example of data where the returned power reveals structure and periodicity during decreases in the received power. At selected times, the corresponding COSC spectrum is also plotted Kiruna beam. The sense of this motion is consistent with the expected background¯ow at the time of the event. Although the backscatter power envelope observed at each radar is very similar, suggesting a stable drifting structure, the detailed 12.5-ms data reveal the scattering process to comprise bursts of individual scattering events and complex temporal structure.
Conclusion
Two novel solutions to the hardware limitations of the COSCAT system have been developed and successfully run. Detailed information about the spatial distribution and time evolution of 16-cm-wavelength auroral plasma irregularities can now be gleaned and this paper has presented initial results and studies using these new data sets. Future work will present more detailed investigations of the collected observations, important studies include a comparison of the inferred plasma¯ow velocity with the spatial structure derived from the Barker observations and a cross-correlation of the observations at each EISCAT receiver using the FAST-COSC and Barker data. A compelling future experiment would be to make both Barker and FAST-COSC observations simultaneously.
It has been established that the use of long Barker codes, e.g. 100-ls baud length, allow the determination of a power pro®le through the scattering region with respect to slant range. In addition, it is known that the scattering region is centred at 900 km North of Oulu and is of the order of 200 km in length. If a 13-point power pro®le is measured in this volume, then a range resolution of approximately 15 km can be determined.
An estimate of the 16-cm-wavelength irregularity lifetime is of the order 40 ms. This is very similar to the lifetime of the 3-m-wavelength irregularities observed by Hall et al. (1993) . However, it should be emphasised that the purpose of this initial paper is to present the new techniques and preliminary results. The 40-ms lifetime is a tentative result, a more detailed statistical analysis of the FAST-COSC time series will be conducted in future work. The observed irregularity spectral shape is very similar to the results obtained by Schlegel et al. (1990) , whose observations were made at the same wavelength, but 5
further from magnetic orthogonality. The Barker and FAST-COSC observation both indicate that often the illuminated volume is completely full of scattering irregularities although at other times localised targets drift through the volume. The high temporal resolution data suggests that for both of these conditions the backscatter is dominated by individual scatterers that grow and decay from the noise, e.g. bottom panels of Figs. 5 and 7. The 100-ms ACFs also show variability from sample to sample, alternating between noisy and more well-de®ned ACFs. At longer integrations this variability is naturally averaged out.
However, the underlying question is whether the radar ®eld of view is dominated by a small number of strong targets, growing and decaying continuously, or a large number of smaller cross-section plasma waves. It is very dicult to separate these two regimes, but this work and that of Hall et al. (1993) suggest the former case may be more likely.
